• a spherical bubble ascent model is developed to estimate the amount of methane gas in the oceans entering the atmosphere
Introduction
Atmospheric methane (CH 4 ) is a strong greenhouse gas, with at least 20 times the warming potential per unit mass than that of CO 2 [McGinnis et al., 2006; Leifer, 2010] . Observations have confirmed that the concentration of methane has tripled since preindustrial times [Bousquet et al., 2006] , and is increasing fast in the atmosphere [Dlugokencky et al., 2011; Sussmann et al., 2012; Nisbet et al., 2016] . Currently about 64% of methane released to the atmosphere comes from anthropogenic sources (e.g., livestock farming, fossil fuels, and biomass burning), but natural sources (e.g., wetlands, termites, lakes, and oceans) also contribute to about 36% of total methane budget [Bousquet et al., 2006, see supplemental material] , among which oceans comprise up to 10% of the natural methane emission, and lakes provide another 10% [Bastviken et al., 2004] .
In oceans, methane is produced by microbial activities mainly related to degradation of the organic material in the sediments and serpentinization and iddingsization where hydrogen is produced. Seep sites with large volumes of methane gas leakage have been reported globally via visual and acoustic methods. These sites vary in depth with equivalent methane bubble radii less than 0.5 cm (see Table 1 ). The small radius may be determined by the sizes of sediment particles and the methane flux rates. Besides the gaseous and dissolved methane, there is huge amount of methane (∼10 4 Gt) stored in ocean sediments in the form of methane hydrate [Kvenvolden, 1988] . Recently the economic potential of methane hydrate as a possible energy source has attracted more attention, and several countries have conducted experiments to mine ocean methane hydrate, which causes growing environmental concern on possible disastrous blowout with massive dissociation of methane hydrate and huge methane gas emission, similar to the Deepwater Horizon disaster in the Gulf of Mexico or 22/4b in the North Sea. Besides impacts on global warming, huge methane emission can greatly reduce the ocean pH by means of anaerobic methane oxidation, and destroy the ocean environment [Dickens et al., 1995; Hesselbo et al., 2000] . The positive feedback between global warming and methane hydrate dissociation will further deteriorate the situation [Thomas et al., 2002] .
To better quantify the contributions of ocean methane to global warming and estimate the risk of massive methane hydrate dissociation, it is important to understand the methane gas transport in oceans. The remaining percentage of methane in a bubble mainly depends on the initial depth and the size. We developed a simplified model simulating the ascent of a methane bubble from a shallow seep located on a continental shelf, e.g., in the Shenhua area in the South China Sea, and model the methane transfer with the surrounding seawater. The split and coalescence of bubbles are neglected, and bubbles are assumed to remain spherical following vertical paths during the whole ascent. We calculated the survival distance of bubbles with varying initial sizes and depths, and the percentage of methane remained when bubbles reach the ocean surface.
Regional setting
Shenhu area, near the Pearl River Mouth Basin in the northern continental margin of the South China Sea, has been recognized as a promising place of gas hydrate extraction due to its relatively high hydrate saturation. Particularly, samples collected from the Shenhu area contain high saturation hydrates (the fraction of pore spaces occupied by gas hydrates) up to 45 % [Wang et al., 2011] , drastically higher than that of some other ocean gas hydrate sites where the saturations are only 1 -8 % [Davie and Buffett, 2001, 2003] . These samples were discovered in fine-grained sediments about 1200 mbsf. In May, 2017, China successfully extracted gas from the hydrates in a series of production runs in this region, and it is reasonable to believe that more further field explorations will be conducted here, so we apply our model to the Shenhu area to calculate the survival time and distance of methane bubbles.
Taking into account the seasonal change caused by the monsoon, the water temperature and methane concentration near the Shenhu area vary with months. We extract the temperature profile from the SCSPOD14 database [Zeng et al., 2016] at a location 19.75°N, 115°E, in the month of July to be consistent with the methane measurement. Figure 1 (a) shows the study site, and (b) shows the in situ temperature measurement. The methane concentration profile (c) was measured near the study site in July 2005 by Tseng et al. [2017] . It is notable that the methane concentration is high throughout the depth, approximately 7 nM compared with 2 -6 nM in the Atlantic and Pacific Oceans [Reeburgh, 2007] , possibly due to methane seeps underneath.
Modeling approach
The size of the methane bubble is essential to its survival. Decompression during the ascent enlarges the bubble, while the mass transfer to the surrounding seawater reduces the size. For simplicity, the water is treated as stagnant with no upwelling and turbidity currents, and the pressure is hydrostatic. Bubbles are small and sparse enough so the effect of splitting, merging, and turbulence can be neglected. Another assumption is that the bubble remains spherical, and rises vertically. The physical parameters determining the terminal ve- locity U of a rising methane bubble with a radius a are the densities of the water ρ and the methane gas ρ = (1 − β)ρ, the viscosity of the water µ, the surface tension γ, and the gravity g. The viscosity of methane gas inside the bubble is negligible compared to the water viscosity, but at large depth the gas density may not be ignored. The transfer of methane across the bubble interface is dependent on the diffusion coefficient D and Henry's law constant H. The physical parameters are summarized below in Table 2 . The parameters of water depend on the temperature, but the temperature range in our model is only 0 -30 • C. Within this range, the surface tension and water density change very small and can be treated as constant, while the viscosity can be calculated using the empirical relation [Straus and Schubert, 1977] 
where µ 0 = 2.414 × 10 −5 Pa · s, A = 570.58 K and B = 140 K. The kinematic viscosity of water is ν(T) = µ(T)/ρ.
Dimensional analysis
From the physical parameters above, some requirements can be obtained if the bubble rises vertically and remains spherical. The main forces at play are the water resistance F i ∼ ρU 2 d 2 where d = 2a, the buoyancy force F b ∼ g∆ρd 3 = gρβd 3 , the viscous force F µ ∼ µdU, and the surface tension force F γ ∼ γd. From these forces we construct dimensionless parameters including the Reynolds number Re = F i /F µ = Ud/ν and the Weber number We = F i /F γ = ρU 2 d/γ. We can also obtain the Morton number Mo ≡ gµ 4 /ργ 3 ∼ 10 −10 , which is the only dimensionless number specific to the water. According to Harper [1972] , with small Mo, for impure liquids such as the seawater, the marginal instability should occur at We < 3 and Re ≈ 200, which suggests the maximum stable terminal velocity
On the other hand, if the bubble remains spherical, the surface tension force must outweigh the buoyancy force, or the Bond number Bo = F b /F γ ≡ ρβgd 2 /γ ≤ 1, which requires a bubble diameter
while for a rising bubble, the buoyancy force must be greater than the water resistance, or the
Therefore, if a bubble satisfying the assumptions exists, it is necessary that the two inequalities are compatible, which gives another upper bound of the terminal velocity
This velocity, similar to the average drift velocity in two-phase bubbly flows [Ishii and Zuber, 1979] with a difference of a factor of √ 2, is smaller than U stable and agrees with the in situ measurements at seep sites [Greinert et al., 2006; McGinnis et al., 2006; Sauter et al., 2006; Sahling et al., 2009; Leifer, 2010; Römer et al., 2012a; Wang et al., 2016] , so we set the maximum terminal velocity in our model to
Methane exchange during ascent
The terminal velocity and mass transfer of a bubble in water has been extensively studied (e.g., [Clift et al., 2005] ). The correlation of the terminal velocity and the spherical bubble radius can be better expressed by the value of Re and the drag coefficient C d , and the terminal velocity is calculated by
Numerous experiments have been performed to obtain better correlations [Clift et al., 2005, 
and the equation agrees exceedingly well with the experimental data by Dioguardi et al.
[2017]. For stable ascent with a maximum velocity U max , the rising velocity is modified to
When a single spherical bubble of a radius a rises in the ocean with a velocity U, and a diffusion coefficient D, the Péclet number is calculated by
and the mass transfer coefficient k is
where the Sherwood number Sh depends on the bubble size and velocity. 
The amount of methane transferred can be determined by
where c 0 is the concentration of the dissolved methane in the ocean, and the pressure is
The methane in the bubble is treated as van der Waals gas due to the high pressure
with the constants A = 2.303 bar · L 2 /mol 2 and B = 0.0431 L/mol [Poling et al., 2001 ].
The critical pressure for methane is p c = A/27B 2 = 4.6 MPa, equivalent to a water pressure ∼460 mbsf. The critical temperature is T c = 8A/27RB = 190 K, so the methane remains gaseous, and the gas density in the bubble is related to the molar mass M by ρ = nM/V.
The bubble vertical motion can be described by
We numerically solve the equations above, and calculate the amount of methane gas remained for those bubbles that make to the surface.
Results and discussion

Rising of the methane bubble
We simulated the ascent of bubbles released at depths between 200 -1000 m, with a initial radius between 1 -10 mm using the temperature and methane concentration for the Shenhu area. Figure 2a shows the ratio of the final bubble radius to the initial bubble radius a top /a initial , and Figure 2b shows the ratio of remaining methane n top /n initial of the methane bubbles. Very small bubbles are not likely to reach the surface. For example, a bubble with a radius of 2 mm rising from 200 m depth will lose about 90 % of the methane when it reaches the atmosphere. Large bubbles, however, will retain more gas, and the expansion is significant due to the decompression. A bubbles with a initial radius over 8 mm rising from depths between 450 -700 m can expand as many as four times in the radius when it makes to the surface.
Instability of bubble rising path
The velocity of a large bubble increases as it expands, and the Reynolds number Re can grow large enough that the assumptions of stable ascent become invalid, and the rising path no longer maintains stable. A bubble with a radius of 9 mm rising at the terminal speed of U ≈ 0.16 m/s in the water of 27 • C corresponds to Re ∼ 3.3 × 10 3 , and We ≈ 3.2, greater than the criteria of marginal stability We < 3 and Re ≈ 200 [Harper, 1972] . Because the bubble is unlikely to grow beyond 5 cm in the radius in our simulation, which corresponds to a Galilei number Ga ≡ √ gaa/ν ∼ 40 as the transition to oscillatory ellipsoidal or spherical caps according to Tripathi et al. [2015] , the bubbles are still spherical, but they may split into smaller bubbles.
Formation of methane hydrate shells
Within the gas hydrate stability zone (GHSZ), a coating of hydrate shell encapsulates the methane bubble [Maini and Bishnoi, 1981; Rehder et al., 2002] , and exists until top of the stability zone is reached [Rehder et al., 2002; Warzinski et al., 2014] . The top limit of the GHSZ can be determined by the intersection of the methane phase equilibrium curve [see data compiled by Sloan and Koh, 2007] and the temperature profile (Figure 3 ). When the hydrate shell forms, water filters through the porous shell, and increases the total mass of the bubble-converted droplet [Ribeiro and Lage, 2008] . The shell also provides additional pressure to the gas within, so the droplet does not expand as a bubble should. As a result, the hydrate shell will help to keep more methane in the bubble.
Non-ideal gas
The methane gas is treated as van der Waals gas in our simulation, but the equation of state of methane under large pressure is much more complicated. It is possible to use a more sophisticated equation of state such as the model proposed by Peng and Robinson [1976] , but since the temperature is around 0 • C T c = 190 K, the deviation is very small. Also, we assume constant diffusion coefficient, surface tension and Henry's law constant, but it is possible that these parameters also change as the methane becomes non-ideal.
Turbidity current and upwelling flux
We treated the seawater as stagnant with no motion, however, the water movement is nowhere near stillness due to upwelling fluxes from underneath and turbidity currents from the continental slope. These flows will disturb the water body, and enhanced mixture from the flows will facilitate the dissolution of the methane gas, and reduce the amount of methane reaching the atmosphere.
Conclusion
We simulated the ascent of methane bubbles in the Shenhu area, and calculated the amount of methane that reaches the atmosphere. Our simulation shows that for the Shenhu area, methane gas emitted from deep sites >1 km is not likely to reach the ocean surface, as indicated in Figure 2 , as long as the bubble radius is smaller than 5 mm. Hydrate-coated bubbles can survive longer and retain more more methane, but still small bubbles cannot make through the water column. Kilometers of water column is very effective in keeping the methane in the water body, and a gas blowout will not result in an abrupt amount of methane entering the atmosphere. However, elevated methane emission will lead to larger bubbles, and as the excessive methane is dissolved in shallower water, subsequent anaerobic methane oxidation will change the distribution of pH, which has negative impact on the ocean ecology. Small bubbles with radii 2 -3 mm released between 200 -1000 m will entirely dissolve in the ocean, and large bubbles over 5 mm rising from 500 m depth can keep at least 40 % when it makes to the ocean surface. In our study area, the top of gas hydrate stability zone lies at about 600 m, so a methane bubble released below this depth can survive longer distance and transfer more methane to shallower depths.
Biogeochem. Cycles, 18(4) (b) The ratio of the remaining methane gas reaching the atmosphere. In shallow water in the Shenhu area, a large bubble can expand to almost four times in the radius, and bring more than 90 % of the initial methane gas to the atmosphere. 
